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I. INTRODUCTION
The last 20 years has brought great advances in the computer software and hardware industry, changes which have yielded a larger more sophisticated set of engineering design tools. Engineers now have quick, and accurate tools to handle just about any design task. Tasks that were once unmanageable or manageable only by Computational Fluid Dynamic (CFD) groups on expensive machines are now tractable by the ordinary design engineer. Calculations that once took 10 hours of computer time and 2 days of turnaround time on large supercomputers can now be made overnight on powerful, inexpensive personal computers. Design tasks that were once empirically based "arts" are now analytically based sciences. One such area that has benefitted greatly from these changes has been the design of aircraft ice protection systems.
The task of aircraft ice protection system design which was previously one of subjectivity, based heavily on correlation and extrapolation, and carried out by highly experienced individuals is now one of objectivity, based on sound models and carried out by entry level engineers. Historically systems have been designed using the methods of ADS-4 (ref. 1). This entailed interpolation or extrapolation from previously tested conditions and configurations. If a configuration or condition didn't exist in ADS-4 then various forms of extrapolation were used. As the aircraft industry progressed, newer designs were less and less similar to those in the ADS-4 database and the task of interpolation or extrapolation became more difficult and increased uncertainty. With the advent of the computer age numerical methods were made available, reducing the guess work. Many 2D and some 3D methods are now available to aid the user in designing an aircraft ice protection system (ref. [2] [3] [4] [5] [6] . This paper outlines one such 3D method and presents validation for a series of business jet horizontal tails.
Flow, trajectory and ice accretion calculations were made and compared to experiment for the three horizontal tail configurations using the PMARC flow solver (ref. 7) , the 3D adaptive grid code ICEGRID and the grid based NASA Glenn 3D ice accretion code LEWICE3D (ref. 6 ). The cases were chosen to illustrate the flexibility and to provide validation for the computer code.
Computational and experimental results are presented for flow, and collection efficiency for the three wing tips. All of the flow calculations were made using the PMARC flow solver. The aerodynamic and collection efficiency data were taken during a series of tests in the NASA Glenn Icing Research Tunnel (IRT) under a program funded by NASA and carried out by Wichita State University, Boeing Commercial Airplane Group, and NASA (ref. 8, 9) .
II. EXPERIMENT

A. EXPERIMENTAL APPARATUS
The aerodynamic and impingement efficiency tests were carried out in the NASA Glenn IRT. The test equipment included the IRT ( fig. 1 ), the ESCORT data system, a special spray system for the impingement tests ( fig. 2 ), a laser reflectometer for impingement efficiency data reduction ( fig. 3 ), many blotter strips attached to the models ( fig. 4) , and the three tail models ( fig. 5-7 ).
The IRT facility can provide a range of airspeeds, angles-of-attack, temperatures, liquid water contents (LWC), and drop sizes (ref. 10) . The IRT has a 2.47 m x 1.82 m test section with a maximum airspeed of 134 m/ s (empty tunnel). Angle-of-attack is controlled by a movable turntable to which the models are mounted. A refrigeration system allows year-round testing at temperatures from -29° C to 10° C. The spray system located upstream of the test section can provide a cloud with a range of LWC of 0.25-3.0 gm/m 3 and a median volumetric droplet diameter (MVD) size range of 12-40 mm.
The Escort system was developed at Glenn to aid in storage, processing, and analysis of large amounts of data (e.g. temperature, pressure) produced in various experiments at Glenn Research Center. In this test Escort was used to store tunnel total temperature, total pressure, free stream airspeed, surface pressure, produce real time calculations and display pertinent parameters. The storage sequence for each data point was initiated by the researcher in the control room. A separate program was used to do a more complete post run analysis.
The spray requirements for the impingement tests precipitated the need for a different spray system ( fig.  2 ) than was available in the IRT (ref. 8) . The IRT spray system could not produce the short (2-9 seconds), stable sprays (i.e. constant LWC and drop size) required to prevent blotter strip saturation. There were also concerns that the dye would contaminate the IRT spray system. The new system consisted of 12 nozzles and a supply tank located at the IRT spray bar station ( fig. 2) . The system featured short supply lines which enabled short, stable sprays.
One unique feature of the current technique is the laser reflectometer used to determine the local collection efficiency ( fig. 3) The first horizontal tail configuration presented is a swept, tapered NACA 64A008 wing tip ( fig. 5) . The model had a span of 121.92 cm, a leading edge sweep angle of 29.1°, a root chord of 116.21 cm, a taper ratio of 0.62 and a cylindrical tip. The model had two rows of 31 pressure taps at the 50% and 90% span stations.
The second horizontal tail configuration presented is a swept, tapered model with a modified NACA 64A008 wing section ( fig. 6 ). The modified model had a slight droop at the leading edge to give it better aerodynamic performance characteristics. The model had a span of 144.78 cm, a leading edge sweep angle of 29.1°, a root chord of 123.79 cm, and a taper ratio of 0.58.
The third horizontal tail configuration presented is a full tail configuration with a forebody (fig. 7) . The horizontal tail was a 25% scale model of the second model presented above. The model was a swept, tapered model with a modified NACA 64A008 wing section. The model had a span of 65.51 cm, a leading edge sweep angle of 29.1°, a root chord of 41.53 cm, and a taper ratio of 0.43. The model had three rows of 32 pressure taps at the 25%, 50 and 85% span stations. During the IRT test only pressure data at the 25% span location was taken.
B. EXPERIMENTAL TESTING
Two types of testing were done in the IRT: aero-performance and impingement efficiency testing. The aero-performance testing involved taking surface pressure measurements. The impingement efficiency testing involved the use of a dye tracer technique to measure the location and amount of water impinging on the model. Surface pressures were measured on the wing models using the ESCORT system. Pressure measurements were taken at an airspeed of 75 m/s, at angles-of-attack of 0° and 6° for the swept 64A008 and for 1° and 6° for the 25% scale modified 64A008 wing model with the spray system off. These pressure measurements were used to generate coefficient of pressure distributions for the comparisons presented in this paper.
The experimental technique used in the current tests to determine the impingement characteristics of a body is one that was developed in the early 1950's with a few modifications (ref. 8) . The technique involved spraying a dye-water solution of a known concentration onto a model covered with blotter strips. Figure 5 shows a typical blotter installation for the swept 64A008 wing. The result was that the local impingement efficiency on the blotter strips was related to the variation in color intensity. That is, the areas of higher impingement rate are darker and those with lower impingement rate are lighter.
Several steps were necessary to prepare the IRT for impingement testing. The specially designed spray system had to be installed and adjusted to produce a uniform cloud. The local LWC had to be measured at each blotter strip location (with the tunnel empty) for every spray and tunnel condition to account for any cloud non uniformity that existed after the final spray adjustment. After these adjustments and measurements were made A typical test point involved several steps. The model was cleaned and blotter strips were attached at points of interest. Figures 4, 5 show typical blotter strip installations for the full scale modified NACA 64A008 and the swept NACA 64A008 wing models.The spray was then made, the blotter strips were removed, and labeled, and the model was cleaned and made ready for the next condition.
The tail models were tested for three drop sizes (11 mm, 21 mm, 92 mm), at two angles-of-attack (0°, 6°f or the swept 64A008 and 1°, 6° for the two modified swept 64A008 wings). The drop size tests were repeated three times for each condition to generate a statistical average.
III. ANALYTICAL METHOD
The icing calculation required a three step process. All of the calculations were made on a single processor (R12000) of an SGI Octane computer. The ICEGRID code was used to generate the grid for the trajectory calculations. The PMARC code was used to generate the velocities on this grid and to generate the surface velocities needed in the LEWICE3D code. The LEWICE3D code then used the panel model the surface velocity information and the grid to make the ice accretion calculations.
A. ICEGRID
The ICEGRID was developed at Glenn Research Center by Bidwell and Coirier specifically for the task of optimizing trajectory calculations in the LEWICE3D code for the panel code interface. ICEGRID automatically produces grids which are optimal for trajectory calculations hence reducing the required effort to produce a "good" trajectory grid. The program also produces a minimum of grid points which reduces the panel code calculation times. The program requires the surface geometry and an input file describing the grid volume and refinement parameters. The code refines the grid near regions of interest which can include the geometry, parts of the geometry, and lines or points input by the user. The code is similar to an oct-tree method (ref. 11) in that it recursively divides the original grid volume until the refinement criteria for each cell has been met. The code will not refine cells internal to the geometry. ICEGRID is different from most oct-tree methods in that the grid volume is allowed to be multiply skewed, multiblock and different refinement functions can be used in any direction. This last feature is where the code really differs from the oct-tree methods in that it allows a given cell to be divided into 8, 4 or 2 cells depending on the refinement function instead of the oct-tree method which divides a cell into 8 cells if the refinement is required. This results in grids with much fewer cells for cases where gridding requirements are disparate in the different directions (e.g. swept wings which have a much smaller cell size requirement in the chordwise direction than in the spanwise direction).
The grids used in the icing calculations are shown in figures 5-7. The grids were all swept to align with the leading edge and were only generated for one side of the symmetry plane.
Cell size is critical in producing a good trajectory calculation. The panel and grid cell size must be similar and small enough to resolve the velocity gradients in the vicinity of the wing. The swept 64A008 grid model contained 216708 grid points. A minimum chordwise/surface normal grid spacing of 0.159 cm was used along with a minimum grid cell size of 5.08 cm in the span-wise direction. The maximum cell size for the grid was 40.64 cm. The full scale modified 64A008 grid model contained 259066 grid points. A minimum chordwise/surface normal grid spacing of 0.159 cm was used along with a minimum grid cell size of 5.08 cm in the span-wise direction. The maximum cell size for the grid was 40.64 cm. The 25% scale modified 64A008 panel model contained 224582 grid points. A minimum chordwise/surface normal grid spacing of 0.04 cm was used along with a minimum grid cell size of 1.27 cm in the span-wise direction. The maximum cell size for the grid was 10.16 cm. The grid plane at y = 0 shows the major features of the grid. It took approximately 1 hour of CPU time to generate each of the grids.
B. PMARC
PMARC is a first order 3D potential flow panel code (ref. 7) . Geometries are represented as quadrilaterals which have constant doublet and source distribution. The formulation used in PMARC results in a solution that is second order accurate allowing for accurate flow solutions with fewer panels and less CPU time than other first order methods. The disadvantage of this method is that because a numerical differentiation is used to generate the velocity distribution careful panelling is required to prevent numerical errors. The code can generate solutions for internal and external compressible flows and can handle very large problems (~10,000 panels).
For the current study, PMARC was executed using a steady, isolated flow with a y = 0 plane of symmetry ( fig. 5-7) . The swept 64A008 panel model contained 2303 panels, the full scale modified 64A008 panel model
contained 2162 panels and the 25% scale modified 64A008 panel model contained 2162 panels. Flow solutions were calculated for two angles-of-attack (0°, 6.25° for the 64A008 model and 1°, 6° for the full scale modified 64A008 and 2°, 7° for the 25% scale modified 64A008 model. In cases where surface pressure information was available (i.e. the swept 64A008 model and the 25% scale modified 64A008 model) an attempt to match the analytical and experimental pressure distributions was made by varying the analytical angle-of-attack. In these cases, the analytical and experimental angles-of-attack are different. Matching the pressure distributions insured that the experimental and analytical flow models were at the same effective angle-of-attack which is key in the consistency of the collection efficiency comparisons (ref.
9) The flows solutions and velocity calculations took approximately 150 minutes for each of the cases.
C. LEWICE3D
The LEWICE3D grid based code incorporates trajectory, heat transfer and ice shape calculation into a single computer program. The code can handle generic multiblock structured grid based flow solutions, unstructured grid based flow solutions, simple cartesian grids with surface patches, and adaptive grids with surface patches. The latter two methods allow the use of generic panel code input which is a computationally efficient method for generating ice shapes.The code can handle overlapping and internal grids and can handle multiple planes of symmetry. Calculations of arbitrary streamlines and trajectories are possible. The code has the capability to calculate tangent trajectories and impingement efficiencies for single droplets or droplet distributions. Ice accretions can be calculated at arbitrary regions of interest in either a surface normal or tangent trajectory direction. The LEWICE3D code has been used in previous calculations for isolated wings, inlets, ducts, and full
The methodology used in the LEWICE3D (ref. 6) analysis can be broken into six basic steps for each section of interest at each time step. In the first step, the flow field is generated by the user. Secondly, surface streamlines are calculated. The surface streamline analysis uses a variable step size fourth-order Runge-Kutta integration scheme developed by Bidwell (ref. 6) . Thirdly, tangent trajectories are calculated at the region of interest. An array of particles is released between the tangent trajectories in the fourth step. These impacting particles are used to calculate collection efficiency as a function of surface position. The trajectory analysis is basically that of Hillyer Norment (ref. 19) with modifications by Bidwell (ref. 6) . At the heart of the trajectory analysis is the variable step predictor-corrector integration scheme by Krogh (ref. 20) . The fifth step involves interpolating or extrapolating the collection efficiencies onto the streamlines. In the sixth step the ice accretion for the streamline is calculated. The ice accretion model is basically that of the LEWICE2D code applied along surface streamlines (ref. 3). LEWICE3D calculation times varied for the different cases depending upon the drop size and the number of trajectories. The LEWICE3D calculation times are heavily dependent upon grid size and structure because the largest portion of the LEWICE3D calculation time (greater than 99%) is spent calculating velocities at specified points, which involves searching through the grid tree structure for the cell in which the point is located. The trajectory integration time for the cases varied from 0.02-0.05 seconds. Approximately 100 trajectories were required for each drop size at each section-of-interest for the ice accretion calculations. This resulted in calculation times of approximately 250-500 seconds for each of the tail cases (2 sections-of-interest, 27 bin
IV. ANALYSIS
Surface velocity, heat transfer, collection efficiency, and ice shapes results are presented for the horizontal tails. Ice shape calculations were made for two icing conditions simulating a rime and a mixed condition. Comparisons to experimental collection efficiency are made for all of the cases and to experimental coefficient of pressure where available. Discussions of the icing conditions chosen, the LEWICE3D program parameters used, and of the individual analysis are given below.
NASA/TM-2005-213653 5 distribution). aircraft configurations (ref. 12-18).
Two icing conditions were calculated for each of the tails at each angle-of-attack. The icing conditions were chosen to loosely match a rime and a mixed hold condition. A 27 bin distribution with a Median Volume Diameter (MVD) drop size of 21 mm was used for both of the icing conditions. For the rime condition, an icing time of 30 minutes, an LWC of 0.2 g/m 3 and a temperature of 243.1 K were used in the calculations. For the mixed condition an icing time of 30 minutes, an LWC of 0.695 g/m 3 and a temperature of 263.7 K were used in the calculations.
The grid based LEWICE3D computer program parameters were chosen from experience, correlations and a desire to limit the computational resources required. A 27 bin experimentally measured droplet distribution (ref. 9) was used for the calculations. The icing calculations were made using a single ice accretion time step. A LEWICE roughness parameter (ref.
3) of 0.5mm was used for all of the cases.
Figures 8-12 show typical repeatability for the gathered collection efficiency data. Because of the statistical nature of the data several repeats were taken to generate a useful average for the collection efficiency distributions. Figures 8,9 are representative of a typical set of data. The multiple repeats in these figures were within +5.2% and +5.5% respectively. Figure 10 ,11 represent the best and the worst data in terms of repeatability for the data presented in the report with repeatability of +2.2% and +9.3% respectively. Values of repeatability of +10% are considered good by the researchers considering the test technique and environment.
The results for the horizontal tails are shown in figures 12-66.The ice shape and parameter plots were made along cuts parallel to the flow direction.
The airfoil sections at which the icing calculations were made are shown in figure 12 . The sectional cuts were relatively close together hence the sections are of similar size as were resultant ice shapes.
The experimental and theoretical coefficient of pressure distributions are shown in figures 13,14 for the swept 64A008 wing. Due to flow angularity, model alignment, and wall effects the measured angle-of-attack and the effective aerodynamic angle-of-attack can be different. For this reason the analytical flow angle was adjusted to produce the closest agreement between the experimental and analytical pressure distributions. These adjusted angles-of-attack were then used in all of the analysis. The best agreement for the experimental angle-of-attack of 0° was an analytical angle-of-attack of 0°. The best agreement for the experimental angle-of-attack of 6° was an analytical angle-of-attack of 6.25°. In general, the agreement between the experimental and theoretical coefficient of pressures for both angles-of-attack was good. From the figures very little spanwise difference in the pressure distribution can be seen.
The collection efficiency comparisons between experiment and LEWICE3D are shown in figures 15-20 for the swept NACA 64A008 tail. The analysis and experiment showed little difference between the two sectional cuts. For this reason only the collection efficiency for the outboard station were presented. The figures show an increase in the size of impingement region and maximum collection efficiency with increased drop size. From the figures it can also be seen that as the angle-of-attack increases the extent of impingement increases. The agreement between experiment and theory is good for all but the largest drop size (i.e. MVD, 92mm). This disagreement has been attributed to droplet splashing or bouncing which has not been accounted for in the analysis. Studies are currently being planned to develop correlations to account for this effect in the trajectory analysis.
The ice shape analysis for the NACA swept 64A008 wing is summarized in figures 21-30. The figures depict a rime and a glaze ice hold condition for two angles-of-attack.
The coefficient of pressure and heat transfer coefficient distributions for the 0° and 6° angle-of-attack cases are shown in figures 21,22 and figures 26, 27 respectively. The heat transfer coefficient in the integral boundary layer calculation is based predominantly on surface velocities of which the coefficient of pressure is a measure. Hence the heat transfer coefficient is heavily dependent upon the coefficient of pressure distribution. The coefficient of pressure distribution for the 0° angle-of-attack case is symmetrical and jumps rapidly at the leading edge and thereafter is benign (due to the sharp leading edge and the symmetric nature of the NACA 64A008 wing section). This results in a symmetric heat transfer coefficient distribution with relatively large peaks near the leading edge. These two symmetrical peaks occur at the transition point from laminar to turbulent flow. Turbulent flow generates much higher heat transfer than laminar flow hence there is a jump in the heat transfer at the transition point. The coefficient of pressure distribution for the 6° angle-of-attack case ( fig. 27 ) has an asymmetrical distribution with a large pressure peak on the upper surface and a smaller one on the lower surface. This is reflected in the heat transfer distribution which is asymmetric and which has a much higher peak value on the upper surface than on the lower surface. For both angles-of-attack very little spanwise difference in both pressure coefficient distribution and heat transfer coefficient distribution is evident.
The collection efficiency curves for the two angles-of-attack are shown in figures 23 and 28. The effect of increased angle-of-attack is to increase the extent of impingement and the to move the impingement region more towards the underside of the wing.
The glaze ice shapes for the two angles-of-attack are shown in figures 24 and 29. The glaze shapes are heavily dependent on the heat transfer coefficient distribution. This is because for these cases (i.e. glaze), there is more water than can be frozen and the largest factor controlling the amount of water to be frozen is the amount of local heat transfer and hence the local heat transfer distribution. For this reason ice thickness distribution and hence the ice shape under glaze conditions will be derived predominantly from the heat transfer coefficient distribution. The horns will form where there is a maximum in freeze out which occurs at the position of maximum heat transfer which is at the transition point.
The rime ice shapes for the two angles-of-attack are depicted in figures 25 and 30. For the rime cases there is less water than can be frozen hence the water freezes on impact and there is no runback. For the rime cases, the driving factor behind the ice thickness and the ice shape is the amount of incoming water or collection efficiency. The ice thickness distribution and the resulting ice shape are derived predominantly from the collection efficiency distribution. From the figures we see that the ice shapes are conformal with the peak ice thickness occurring at the location of maximum collection efficiency. The effect of increasing the angle-of-attack is to shift the ice shape more towards the bottom of the wing.
Airfoil sections for the full scale modified NACA 64A008 are shown in figure 31. Because these sections were of similar size the parameter plots and ice shapes presented below were almost identical. The IRT model did not have any pressure instrumentation hence no experimental values for coefficient of pressure were presented for this wing.
Figures 32-37 show the collection efficiency comparisons between LEWICE3D and experiment. The comparisons are good except for the 92 mm for which the code overpredicts the amount of water collected almost everywhere. These differences, as explained above, have been attributed to splashing and bouncing of some of the incoming water in the experiment which resulted in a loss of water at the surface. The trends for collection efficiency are similar to those of the swept NACA-64A008 wing above. The extent of impingement and the maximum collection efficiency increased with increasing drop size. The effect of increasing angle-of-attack was to increase the extent of impingement and move the region of impingement more towards the underside of the wing.
The results for the icing analysis for the wing are shown in figures 38-47. Of interest is the similarity in the parameter plots and ice shapes between the swept 64A008 wing and the full scale modified 64A008 wing. This is because of the similarity of the two models in section, size and sweep angle. 
this wing were similar to the swept 64A008 wing above, again because of the similarity in the wings. The maximum heat transfer coefficients for the two angles-of-attack for the modified 64A008 wing were slightly smaller than those of the 64A008 wing above because of the slightly larger leading edge radius of the modified wing (i.e. larger wing chord).
Collection efficiency results and ice shapes for both icing conditions and angles-of-attack are shown in figures 40-42 and figures 45-47 respectively. As for the swept 64A008 wing the glaze ice shapes follow trends set by the heat transfer and the rime shapes follow trends set by the collection efficiency distributions. That is, for the glaze shape the minimum ice thickness and heat transfer coefficient occur at the stagnation point and the maximum ice thickness (horns) occur at the points of maximum heat transfer coefficient (i.e. transition point).
For the rime ice shapes the maximum collection efficiency and ice thickness occur at the stagnation point and the ice thickness distribution has the same shape as the collection efficiency distribution.
The wing sections for the 25% scale tail for which the icing analysis were done are shown in figure 48 . The wing sections are of the same type as those of the modified 64A008 above. The model was a 25% scale version of the modified 64A008 wing hence the sections were much smaller and were on the order of one third the size of the sections for the model above.
Comparisons of the experimental and analytical coefficient of pressure distributions for the 25% tail are shown in figures 49,50. Analytical angles-of-attack of 2° and 7° resulted in generating good agreement to the experimental coefficient of pressure distributions for 1° and 6° respectively.
Collection efficiency comparisons for the 25% scale wing are shown in figures 51-55. As for the previous models the maximum collection efficiency and extent of impingement increased with increasing drop size and the impingement region increased and moved more towards the underside of the wing with increased angle-ofattack. The differences between LEWICE3D and experiment were small except for the 92 mm cases which were due to droplet splashing and bouncing. The results for the two spanwise stations were almost identical for each of the cases due to the similarity in size. The maximum collection efficiencies for the 25% scale model are significantly higher than the two previous models because of relatively smaller chord of the 25% wing.
The analytical coefficient of pressure and heat transfer coefficient distributions for the 25% wing tip for the angles-of-attack of 2° and 7°are shown in figures 57,58 and figures 62,63 respectively. The distributions exhibit the same trends as noted for the two models above. The peak heat transfer coefficients are higher for the 25% scale model for both angles-of-attack because of the smaller chord and hence small leading edge radius.
The collection efficiency and ice shape results for both angles-of-attack are shown if figures 59-61 and figures 64-66. As with the other two wings the glaze ice and rime ice shapes follow trends set by the heat transfer coefficient and collection efficiency distribution respectively.
The ice shapes for the 25% scale model are disproportionately larger than for the larger models because the smaller model exhibited a larger stagnation heat transfer coefficient, a larger peak heat transfer coefficient and a larger maximum collection efficiency than the larger models. These effects can be seen if one looks at the ice thickness at the stagnation point. For both the rime and the glaze conditions at a given angle-of-attack the maximum ice thickness is slightly larger for the smaller model than for either of the larger models. The larger models only exhibited larger ice shapes in terms of volume because the extent of impingement and total water collected was higher than for the smaller model.
The grid based LEWICE3D-PMARC-ICEGRID combination proved to be an inexpensive, flexible, accurate ice protection system design tool. The flow and ice accretion calculations were done quickly, cheaply and accurately for a range of 3D conditions. The ICEGRID, PMARC, grid based LEWICE3D, combination was, in general, inexpensive to operate. The grid calculation took approximately 1 hour and the PMARC flow calculations took on the average of 2.5 hours for each of the flow configurations on the SGI Octane computer. The single time step ice accretion calculations required about 0.1 hours per ice shape using a 27 bin distribution.
In general, the calculations for coefficient of pressure agreed well with experiment. The pressure data allowed the user to more precisely set the angle-of-attack for the collection efficiency calculations.
The collection efficiency results from the experiment and analysis compared well except the 92 mm cases. For these cases the collection efficiency was significantly overpredicted. These differences were attributed to droplet splashing and bouncing, phenomena which have not been included in the trajectory analysis, and which plans are currently under way to study. The maximum collection efficiency and extent of impingement increased with increasing drop size and the extent of impingement increased and moved more towards the underside of the wing for increasing angle-of-attack. The effect of reducing the leading edge radius was to increase the maximum collection efficiency.
Although no data existed for heat transfer the results were reasonable and intuitive. The heat transfer coefficient distributions were indicative of the pressure distributions from which they were derived. The maximum heat transfer coefficient increased with increasing angle-of-attack and with decreased leading edge radius.
The ice shape predictions appeared acceptable and representative of the conditions from which they were derived. The rime and mixed shapes followed trends set by the collection efficiency and heat transfer coefficient, respectively. The ice shapes were disproportionately larger with decreasing chord because of the increases in maximum collection efficiency, and maximum heat transfer coefficient.
V. CONCLUSIONS
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